ABSTRACT: The influence of themolecular weight of poly(acrylic acid) (PAA) and polyacrylamide (PAM) on theelectrical properties of theZrO/polymer solution interface was examined. The main factors responsible for the observed zeta potential and surface charge changes of zr0 2 were defined. Changes in the ionic structure of the Stem layer depend on the number and distribution of -COOH groups in polymer macromolecules. These groups areresponsible forthepolymer chain conformation at the surface and have an influence on theamount of polyelectrolyte adsorbed. The thicknesses of theadsorption layers and thefree energy of adsorption of the polymers examined were calculated.
INTRODUCTION
Various applications of polymers in many stabilizationlflocculation processes have resulted in a wide examination of the adsorptionmechanismof polymeric substancesat the solid/solutioninterface (Cohen Stuart and Fleer 1996; Kawaguchi and Takahashi 1992; Cohen Stuart 1991) . These studies have included both practical and theoretical aspects of the subject. Adsorption processes involving macromolecules are very different from those involving the adsorption of simple ions. This difference is caused by the fact that small particles have defined, invariable shapes while polymer chains may form many conformations in the bulk and at the interface (Cohen Stuart et al. 1991; Sommer and Daoud 1994) .
Polymer adsorption is a complex process which may depend on many parameters. The most important of these are polymer polydispersity, the type of interaction with the surface of the solid, the ionic strength of the system, the reversibility of the adsorption process, the rate of adsorption and the heterogeneity of the macromolecules. When the above-mentioned factors are taken into account, it is obvious that measurements of the amount adsorbed do not provide sufficient data to characterize the adsorption mechanism. Some additional information is needed, i.e. the fraction of polymer bound, the thickness of the adsorption layers and the segment density distribution at the interface.
Due to steric stabilization. some polymers are used in the production of stable suspensions and emulsions applied in paints, varnishes, cosmetics, medicines and paper production. A coagulation process is used for industrial waste water utilization which is often in the form of highly dispersed suspensions. Polymer usage allows not only the separation of the solid but also the recovery of 'First presentedat the 4th Polish-Ukrainian Symposium on Theoretical and Experimental Studiesof Interfacial Phenomena and their Technological Application. Lublin. Poland. 1-3 September 1999. ,.Author to whom all correspondence shouldbe addressed. purified water which may be re-used in technological processes. Flocculation may be applied in flotation processes for highly dispersed mineral suspensions. Separation of the useful component may proceed via modification of the surface properties of the solid due to its interaction with a selected polymeric substance.
This paper presents studies focused on the adsorption properties of two polyelectrolytes, poly(acrylic acid) (PAA) and polyacrylamide (PAM), on the surface of zirconia. The influence of the molecular weights of PAA and PAM on the surface charge and zeta potential was examined. The zeta potential data obtained allowed the thickness of the adsorption layers and the free energy of adsorption of the polymers to be calculated.
Zirconium oxide was chosen for examination because of its high durability, low dissolution over a wide range of pH values and the well-defined ZrOlsolution interface produced.
EXPERIMENTAL
A zirconia (Zr0 2 ) produced by Aldrich was used in the experiments. The specific surface area of this zirconia, as found by the BET method, was 32.54 m 2/g. To remove any contaminations, the ZrO, was washed with doubly distilled water until the conductivity of the wash solution was in the range 20-30 IlS/cm.
Poly(vinyl alcohol) (PAA) and polyacrylamide (PAM), both from Aldrich, were used as polymers. The molecular weights of the polymers were as follows: PAA, 2000 and 240000; PAM, 1500 and 10 000. For some experiments, PAA as the sodium salt from Fluka and of molecular weight 170 000 was used.
All the polymer solutions of 10-200 ppm concentration were prepared with doubly distilled water. Adsorption measurements were undertaken as follows by the static method: 0.025 g of Zr0 2 was introduced into an Erlenmeyer flask containing with 10 ml of a given polymer solution together with a defined concentration of the background electrolyte (NaCl at 10-2 mol/drn! concentration) at a defined pH value. The suspension thus obtained was shaken for 24 h whilst its pH value was maintained constant. The suspension was then centrifuged and 5 ml of the supernatant taken for analysis of the polymer concentration. The extent of adsorption was calculated from concentration measurements before and after the process using the reaction of the various polymers with hyamine as proposed by Crummett and Hummel (1963) . The turbidity of the resulting solution was also measured with a Spekord M42 computerized spectrometer associated with M500 software. All measurements were undertaken at 500 nm wavelength.
Zeta potential values were measured with a Zetasizer 3000 computerized laser zetameter obtained from Malvern Instruments (UK). For such measurements, a suspension consisting of 0.01 g of zirconia in 100 ml of a polymer solution of known concentration, pH and background electrolyte concentration (NaCI at 10-2 mol/ern' concentration) was shaken over 24 h. All expoeriments were undertaken at 25°C.
Potentiometric titrations of the suspension samples containing 0.5 g of Zr0 2 in 50 ml of the background electrolyte (NaCI at 10-2 mol/dm' concentration), with and without polymer, were realized in a therrnostatted Teflon vessel at a temperature of 25 ± 0.2°C. For such titrations, a computerized unit associated with a Methron Dosimat 665 instrument and a Beckman 71 pH meter, together with a specially written MIAR_T program for the calculation of the charge density was used.
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RESULTS AND DISCUSSION
Figures 1-4 depict plots of the amounts of PAA and PAM adsorbed on to the zr0 2 surface, r, versus the polymer concentration. These figures also demonstrate the influence of the polymer molecular weight and the pH of the solution on the extent of polymer adsorption. The influence of the molecular weight of PAA and PAM on the extent of adsorption is shown particularly well in Figures I and 2. This is caused by bonding of the macromolecule with the surface of the solid through only a limited number of segments. Their number may be the same for different molecular weights despite the fact that the total amount of polymer adsorbed will be greater for higher molecular weights. This is due to the greater participation of segments as loops and tails in the adsorption process.
The adsorption isotherm plots show that all the polymer samples studied had a polydispersity index greater than unity. This is confirmed by the rounded shape of the isotherms obtained, as distinct from the sharply curved shape for the almost monodisperse polymer (Chibowski 1996) or those calculated theoretically for perfectly monodispersed polymer samples on the basis of the Schutjens-Fleer theory (Scheutjens and Fleer 1979, 1980) . (1)
Figures 3 and 4 depict the influence of the solution pH on the adsorption of PAA of molecular weight 2000 and PAM of molecular weight 1500 on the surface of 00 2 , Similar dependencies were obtained for PAA of molecular weights 170000 and 240 000 and for PAM of molecular weight 10000. Since PAM possesses two types of functional group, i.e. -NH 2 and -eOOH, its adsorption is less dependent on the pH of the solution thanthe adsorption of PAA which possesses only carboxy functional groups. However, both polymers exhibited a decrease in the amount of macromolecule adsorbed as the pH of the solution increased.
Since pK. =4.5 for PAA (Gebhardt and Furstenau 1983) , it follows that in acid solution, i.e. up to pH =4.5, the polymer macropartic1e has a greater number of -eOOH groups undissociated.
From the dependence (Minczewski and Marczenko 1965):
pH -pK. =log [ReOOH] the calculated concentration of -eOOH groups at pH 3 is nearly 31 times greaterthan that of the -eOO-units. At pH =4.5, their concentrations are the same. At greater pH values there is an increase in the number of -eOO-groups, whilst in the alkaline range all the carboxy groups are dissociated. The increasing negative charge of poly(acrylic acid)hinders the contactof the macro- molecule withthe negatively charged surface of theoxide.Furthermore, dissociated carboxygroups interact via electrostatic forces withothergroups presentin the polymer chain.This straightens the polymerchains at the interface and in the solution, and may lead to the blockage of some active sites of the oxide surface. As a consequence, the adsorption of the PAA particles decreases. A similar situation occurs for PAM since its overall charge also depends on the pH of the solution. In acid pH. the whole PAM particle carriesa positive charge derived from the -NH; groups, although some -COO-groups also exist (Chong and Cuthoys 1979) . In alkaline pH, as for PAA, the PAM molecules carry a negative charge derived from dissociated carboxy groups. Due to the lower concentration of -COO-groups in PAM at the same conditions as for PAA, the observed decrease in the PAM adsorption versus pH is less abrupt than for PAA.
To obtain more information regarding the adsorption and electrokinetic properties of the ZrOl solution interface, some measurements of surface charge and zeta potential were undertaken for Zr0 2-NaCl-PAA and Zr0 2-NaCI-PAM systems. The results obtained are presented on ... in the zirconia crystals. For this reason, additional work is planned to clean the surface of the commerical zirconia employed in order to learn something of the influence of contamination on the adsorption and conformation of the polymers studied.
As is obvious from the potentiometric data reported (Figure 6 ), in acid pH (up to pH =4.7) the surface charge of Zr0 2 in the absence of polymer is slightly less than that found in the presence of PAM. An increase in the molecular weight of PAM from 1500 to 10 000 shifts the value of pH pze for Zr0 2 from 4.2 to 4.4. The changes in the position of pH zc and the small increase in the surface charge observed are probably caused by the specific ad~orpti on of anions, i.e. -COO-groups, which are present in the solution in small numbers over this pH range. Such groups probably exhibit a greater affinity for the oxide surface and hence -COO -groups are more likely to be responsible for the changes observed over this pH range than the -NH; units present in the polymer chain. The somewhat greater increase in the surface charge below pH =4.4, for lower PAM molecular weights, may be caused by the slightly greater number of -COO-groups adsorbing on the oxide surface for shorter polymer chains. The PAA polymer chain of molecular weight 1500 may exhibit a greater number of train conformations than PAM of molecular weight 10000. Moreover, for the flat conformation of the polymer chain (the train type), the number of -NH; groups in the layer adjoining the surface of the solid may be greater than that for loop type structures. The latter are more probable for higher molecular weight polymers. This factor may also be responsible for the greater increase in the ZrO, surface charge in the presence of lower molecular weight PAM. When the pH of the solution was increased. the number of dissociated carboxy groups in the polymer chain also increased. However. not all of these groups can be involved with the zirconia surface. Some of them will stay near the surface as part of the loop or tail structures of the adsorbed polymer chains. The presence of such -COO-groups in the chain structures would lead to the observed increase in the negative charge of the solid surface ( Figure 6 ).
The observed changes of surface charge in the presence of poly(acrylic acid) macromolecules provide a good confirmation of the influence of -COO-groups ( Figure 5) . Thus, an excess of carboxy groups relative to their numbers in the PAM macromolecule would lead to an increase in the negative charge of the Zr0 2 ' surface over the whole range of pH values examined. It will be noted that the increase of negative charge depicted in Figure 5 is much greater than that for the Zr0 2-NaCI-PAM system (Figure 6 ). Even at pH values below 4.5, the increase in the positive charge of the zr0 2 surface observed in the presence of PAM is compensated by the large number of -coo· groups present in the polymer chain. The increase in the negative charge of Zr0 2 noted is connected with an overabundance of dissociated carboxy groups relative to those adsorbed on the surface of the solid. In consequence, a greater increase in the negative charge of the surface is observed at higher polymer molecular weights (see Figure 5 ). Such an increase in the molecular weight will also lead to a relaxation in the PAA chain conformation at the interface. The number of loops will increase and hence the number of ionized carboxy groups at the interface will be greater relative to those adsorbed at the surface. In this way, the conformation effect may also influence the observed change in the surface charge of the oxide examined. As can be seen from Figures 7-10, the adsorption of PAM and PAA influences not only the density of the surface charge but also the distribution of charge in the diffuse part of the electrical double layer. Consequently, the ionic structure of the Stern layer is changed and this leads to the observed shift in the isoelectric point (iep) of zirconia. Since the value of pH iep for the Zr0 2-NaCI system is 8.04, in the presence of poly(acrylic acid) this shifts towards lower values. This change was noted for all the PAA molecular weights examined (see Figure 7) . The changes in the zeta potential observed as a function of the molecular weight of PAA may be caused by two principal factors: the change in the position of the shear plane and the presence of dissociated carboxy groups. The first of these factors is mainly determined by the conformation of the polymer chain at the interface. Normally, an increase in the molecular weight and concentration of the polymer increases the length of the loops arranged perpendicularly to the surface, so the adsorbed layer will be thicker (Table I) . This shifts the shear plane out of the solid surface (M'Pandou and Siffert 1987) and lowers the zetapotential. Furthermore, the dissociated carboxy groups present in the PAA macromolecule carry a negative charge and hence shift the value of pHI. to lower pH values and decrease the zeta potential. This situation is well presented by the dara depicted in Figure 7 . The changes in the zeta potential of PAM differ from those for PAA. The lowering of the zeta potential in the presence of PAM may be due to the movement of the shear plane away from the surface or from blockage of the active sites on the solid surface by the adsorbing polymer particles. As can be seen from the data presented in Figures 8-10 , the shift in the shear plane is very important particularly for higher concentrations and molecular weights of PAM. This effect is dominant even at concentrations as high as 10 ppm (see Figure 10) . At lower concentrations, the macromolecules may adsorb in the form of trains and thus block the active sites on the solid surface. This effect is visible even for PAM concentrations equal to 1 ppm.
As mentioned earlier, the thickness of the polymer adsorption layers provide some information on the structure of the adsorbed chains. Despite some difficulties, a series of zeta measurements were taken in order to calculate the thickness of the adsorption layer of PAA using the following equation (Garvey et al. 1976) : This equation applies when the presence of the polymer does not influence the surface charge density, the specific adsorption of ions in the Stern layer and the charge distribution in the diffuse part of the electrical double layer (Chibowski 1993) .
The thickness of the PAA adsorption layers was calculated for different molecular weights of the polymer at a pH value of 3. At this pH value. all the above-mentioned requirements are nearly fulfilled. as poly(acrylic acid) is virtually undissociated and may beregarded as a non-ionic polymer. However, the above requirements are difficult to achieve for PAM. Table I presents some data for the thickness of the adsorption layer of poly(acrylic acid). It can be seen that, for highermolecular weights of PAA, a greaterthickness of the adsorption layer was observed. This is probably due to the formation of longerloops and tails by the adsorbed polymer chains. These data are in good agreement with those obtained from potentiometric titrations and adsorption measurements.
For a more detailedcharacterization of the systems examined, the freeenergies of adsorption for PAA and PAM were calculated from the following equation (Pradip 1988): .1pHjep =1.0396 Coexp( _~~s~) where:
.1pH iep =difference in pH iep of the oxide in the absence and presence of adsorbed polymer Table 2 . It will be noted that such values increase with an increase in the molecular weight of PAA and PAM. This arises from the fact that more segments interact with the surface of the solid for longer polymer chains.
This situation was also confirmed by the calculated thickness of the PAA adsorption layers. As there is a small difference in the thickness of PAAadsorption layers for molecular weights of 2000, 170000 and 240000, it may be assumed highmolecularweight poly(acrylicacid) molecules interact with the surface through their greater number of segments. Moreover, as may be noted from a comparison of the free energies of adsorption for PAA and PAM, poly(acrylic acid) is adsorbed more strongly than polyacrylamide on the zirconia surface. It was mentioned earlier that polymer bonding with a solid surface occurs via carboxy groups. Since the number of such groups is higher in the PAA chain than in the PAM chain, it follows that poly(acrylic acid) will adsorb on to the zr0 2 surface via a greater number of segments and hence its free energy of adsorption is higher. 
